ABSTRACT Ocean quahogs [Arctica islandica (Linnaeus, 1769)] are the longest-lived, noncolonial animal known today, with a maximum life span exceeding 500 y. Ocean quahogs are a commercially important bivalve, inhabiting the continental shelf of the North Atlantic Basin. Although considerable information exists on the growth and physiology of A. islandica, limited information is available regarding recruitment; accordingly, sustainably managing the fishery is a challenge. To investigate long-term recruitment trends, the age of ocean quahogs from Georges Bank which were fully recruited to the commercial fishery (>80 mm shell length) was determined by analysis of annual growth lines in the hinge plate. Ages of animals representing the fully recruited size range were used to develop an age-length key, enabling reconstruction of the population age frequency. The population age frequency showed that the Georges Bank population experienced an increase in recruitment beginning in the late 1890s. Initial settlement, documented by a few ocean quahogs that were much older, occurred much earlier, in the early 1800s. Following the late 1890s increase in recruitment, the population expanded rapidly reaching carrying capacity in 20-30 y. Recruitment was more or less continuous after this expansion, consistent with maintenance of a population at carrying capacity. Unusually large year classes were not observed, nor were significant periods of high recruitment interspersed with periods of low recruitment. The relationship of growth rate with age for the oldest clams was assessed using the time series of yearly growth increments and the resulting relationship fitted to three models (von Bertalanffy, Gompertz, and TanakaÕs ALOG curve). The ALOG model was clearly superior because it allows for persistent indeterminate growth at old age, rather than the asymptotic behavior of the other two and because it allows for a rapid change in growth rate at what is presumed to be maturity.
INTRODUCTION
The ocean quahog (Arctica islandica) is a long-lived bivalve mollusc, with a life span exceeding 500 y (Sch€ one et al. 2005a , Ridgway & Richardson 2011 . A pan-boreal species, the ocean quahog is distributed along both coasts of the North Atlantic Basin (Merrill & Ropes 1969 , Dahlgren et al. 2000 , Begum et al. 2010 . In the northwest Atlantic, ocean quahogs range from Cape Hatteras, NC, to St. GeorgeÕs Bay, Newfoundland. On the northeastern side of the basin, they are found along the European coast from the Bay of Cadiz in Spain to Norway, including Iceland, the British Isles, the Faroe and Shetland Islands, and the Baltic, White, and Barents Seas (Merrill & Ropes 1969 ; for additional documentation of the North Atlantic range, see Brey et al. 1990 , Rowell et al. 1990 , Ragnarsson & Th orarinsd ottir 2002 , Butler et al. 2009 ). Ocean quahogs grow to a maximum shell length of about 130 mm and attain a life span commonly exceeding 200 y. Current estimates have aged the oldest specimen at 507 y (Butler et al. 2013) , possibly making it the longest-lived, noncolonial animal known to science (Wanamaker et al. 2008 ; see Wisshak et al. 2009 , Titschock et al. 2010 for other long-lived examples) and certainly making it the longest-lived noncolonial biomass dominant in the marine world.
Ocean quahogs inhabit sandy, muddy, and gravelly sediments on the continental shelf, and are commonly found at depths of 25-80 m (Morton 2011) , tolerating bottom temperatures up to 16°C and a salinity range between 22 and 35 PSU (Sch€ one 2013). These sediment burrowing suspension feeders feed on phytoplankton and algae at the sediment-water interface via short, inhalant siphons (Winter 1978 , Cargnelli et al. 1999a ; however, at self-induced, irregular intervals, and during unfavorable environmental conditions such as periods of low oxygen, ocean quahogs burrow even deeper into the sediment typically for 1-7 days, or longer, at which point they close their shells and switch to an anaerobic metabolism (Taylor & Brand 1975 , Taylor 1976 ). The species is notable for its ability to tolerate long periods without oxygen (Oeschger 1990 , Philipp & Abele 2010 .
The ocean quahog has been a commercially important species in U.S. waters since the fishery began in 1967 (NEFSC 2009 ). The species supports commercial fisheries throughout much of its range (Gilkinson et al. 2005 , Th orarinsd ottir & Jacobson 2005 . At the historic start of the ocean quahog fishery in the United States, most fishing effort was off Delmarva and southern New Jersey. By the early 1990s, 40% of the fishing effort shifted north of Delmarva to the south of Long Island. Landings peaked at 22,000 mt in 1992 (NEFSC 2009 ). In the late 1990s, fishing effort shifted to the southern New England region. Early in the 2000s, the Long Island region became a focus area (NEFSC 2009 ). Annual ocean quahog landings in recent years, from 2010 to 2014, have ranged from about 14,000-16,000 mt. The northern shift of the ocean quahog fishery over the past few decades is in part a response to declining catch rates in the Delmarva and New Jersey fishing grounds (NEFSC 2009); however, an additional important driver is the fact that the more valuable surfclam fishery has shifted north in response to increasing bottom water temperatures (Cargnelli et al. 1999b , Weinberg 2005 , and many commercial boats fish in both the surfclam and ocean quahog fishery.
The ocean quahog stock is considered to be relatively unproductive. Recruitment events in ocean quahogs appear to be regional and are thought to be infrequent, with recent larger events occurring once or twice every 20-40 y (Lewis et al. 2001 , Powell & Mann 2005 , Harding et al. 2008 , see also Witbaard & Bergman 2003 , Th orarinsd ottir & Jacobson 2005 . Although recruitment appears to be rare in the context of the fishery, as these animals commonly exceed 200 y in age, recruitment appears to be frequent considering their longevity. Yet as a result of their slow growth, ocean quahogs do not recruit to the fishery for several decades after settlement (NEFSC 2009 ). Thus, any increase in stock productivity anticipated from fishing down the stock, judged to have been at carrying capacity in 1980 (NEFSC 2009 ), would likely be delayed due to the time lag between settlement and recruitment to the fishery (Powell & Mann 2005) .
Consideration has been given to the challenge of sustainably managing such a long-lived species (Hennen 2015) . The possible infrequency of recruitment suggests that ocean quahogs are vulnerable to overexploitation (Th orarinsd ottir & Jacobson 2005). The limited information available on ocean quahog recruitment, even if providing sufficient information on recent recruitment, does not lend any insight on past recruitment events and the potentially daunting time span for rebuilding, should the stock collapse, and the uncertainty of response as the species is fished down from carrying capacity urge precaution if recruitment capacity is truly limited. Improved management of the ocean quahog fishery and increased confidence in the potential of achieving sustainability are dependent on the development of a long-term recruitment index that will provide guidance as to the frequency and significance of recruitment in ocean quahogs over the extended life span of the species.
The objective of this study was to develop information regarding long-term recruitment patterns of ocean quahogs in the Georges Bank region from the age frequency of the living population. To do so, ocean quahogs were collected from Georges Bank and aged by counting annual growth lines using photographs of a cross-section of the hinge plate of each shell. Analysis of the annual growth increments of selected individuals allowed for the assessment of growth rates using three different growth models. Information on age-at-length enabled the development of an age-length key, permitting reconstruction of the population age frequency, which could then be used to evaluate long-term recruitment trends.
MATERIALS AND METHODS

Sample Collection
Samples of ocean quahogs were collected from Georges Bank (40°43.66#N, 67°48.32#W) in May 2015 using a hydraulic dredge deployed from the F/V Pursuit and towed for 5 min. The F/V Pursuit dredge is nearly 100% selective for clams 80 mm and larger, which is the size range on which this project is focused. Two dredge tows were required to obtain a sufficient sample size; however, the second tow was taken as close as possible to the location of the first so that the same local population was assessed. The two tows were treated as one sample of the local population.
The shell length (anterior-posterior dimension) of each clam was measured (mm). The first 400 clams measured were retained for analysis. An additional 400 clams were retained that exceeded the upper 20 th percentile of the size-frequency distribution established by the initial 400 so that samples for ageing contained sufficient numbers of the rarer largest individuals.
Sample Preparation
Clams were shucked and the paired valves dipped in diluted bleach, rinsed in water, and air-dried overnight. Both valves (if intact) of each individual were measured (mm), labeled, and archived. A subset of clams to be aged was haphazardly selected from each 5-mm size interval present in the collection, beginning with the 80 < 85-mm size class. Clams were sectioned along the shell height axis as close to the origin of the umbo as possible using a modified commercial tile saw to expose the hinge region. The sectioned edge was ground and polished using a wet polishing wheel on 400-and 600-mm sandpaper grit, and then polished with 6-and 1-mm diamond suspensions on polishing pads.
The hinge region of each clam was photographed using a high-definition Olympus DP73 digital microscope camera using the Olympus cellSens microscope imaging software. This software permits photographs of the hinge region to be captured at a resolution high enough to distinguish annual growth lines without the use of a stain or acetate peel; however, many photographs were needed to produce a single continuous image of the hinge at high magnification. The individual images were stitched together automatically by the imaging software. To estimate the age for each clam, its hinge image was analyzed by annotating each annual growth line using the ObjectJ plugin in the software ImageJ. This plugin also measures the growth increments, the distance between consecutive growth lines, which allowed for the examination of growth rates of selected individuals.
Identification of Annual Growth Lines
The age of 156 ocean quahogs with known shell lengths was estimated from the Georges Bank region. Ocean quahogs deposit distinct annual growth lines along the hinge and along the ventral margin of the shell. The deposition of annual growth lines has been validated through mark-recapture (Murawski et al. 1982) and continuous sampling experiments (Jones 1980) , as well as through stable carbon and oxygen isotope analysis (Sch€ one 2005a (Sch€ one , 2005b .
Either of the growth records from the hinge plate or along the ventral margin can be used to determine the age of an individual. A disadvantage in counting growth lines along the entire valve is that many shells are damaged during the collection process and thus do not have fully intact records, and many animals with fully intact shells often exhibit growth anomalies and disturbances which inhibit accurate identification of annual growth lines. In addition, records in the hinge region can be incomplete, especially in old specimens and those that lived in a harsh environment, because years of abrasion can result in erosion of the oldest growth lines near the umbo. Furthermore, during periods of extended shell closure, anaerobic glycolysis results in the production of acidic metabolites, which can result in partial dissolution of the hinge plate region (Sch€ one 2013). These processes can eliminate growth lines, resulting in an underestimate of an individualÕs age. Thus, the hinge was used for the determination of age and growth increment.
One challenge that arises when aging ocean quahogs is that subannual growth lines are visible in addition to annual growth lines, especially in the early years of life. These subannual growth lines are typically less distinct than annual growth lines, but are still clearly visible without the use of a stain or acetate peel. Harding et al. (2008) used a combination of grayscale imaging of the hinge and scanning densitometry of the image to distinguish subannual growth lines of lower intensity from the higher intensity annual growth lines. Based on Harding et al. (2008) , subannual growth lines were omitted from the age count. To confirm that the subannual growth lines were consistently excluded, age counts performed by multiple individuals were compared, as were age estimates using the hinge plate and the entire ventral margin of the valve. Growth rates estimated for the first few decades of life, when subannual growth lines commonly occur, agreed with previous analyses by Jones (1980) , Harding et al. (2008) , and Murawski et al. (1982) .
Another challenge encountered when aging ocean quahogs is the presence of closely spaced consecutive growth bands, often referred to as doublets (Butler et al. 2009 ). Little information is available in the literature regarding the explanation of doublets. Foster et al. (2009) claim that the doublet is generated by a growth check preceding an annual growth band and thus should only be considered a single year. In contrast, Butler et al. (2009) suggest that the doublet is generated by a year of unusually slow growth; thus, each line in a doublet should be counted as a distinct annual growth band. Although ontogenetic growth rates of ocean quahogs vary from one individual to another, overall, a population of ocean quahogs inhabiting the same area should all experience the same general increases and decreases in growth rates due to environmental factors or variations in food supply. To investigate further whether doublets should be counted as a single growth increment or two discrete annual growth increments, the annual growth lines of three randomly selected clams were counted in two different ways: with all doublets treated as a single year and counting each doublet as 2 y. The distance between each annual growth line in each of the aforementioned scenarios was measured and the time series of yearly changes in growth increment compared among the three individuals.
In the test scenario where all doublets were counted as a single annual growth increment, the resulting ages were underestimated considering the sizes of ocean quahogs that were collected. The latter age estimation method also produced a better fit to a general trend of increases and decreases in population growth that is expected throughout the lifetime of the three individual clams, taking into account the uncertainty that exists when identifying annual growth bands in an ocean quahog, which is likely not greater than ±5 y (Butler et al. 2013) . When doublets were treated as two years, the age estimation along the hinge and the entire ventral margin did not differ by more than ±3 y, nor did it differ by more than ±3 y when age counts from the hinge region from multiple readers were compared for the same clam. For these reasons, and in consideration of the recommendation by Butler et al. (2009) that doublets should be treated as discrete annual growth bands, doublets were counted as two discrete years.
Creating the Age-Length Key
The data for Georges Bank are composed of the shell length and age of all aged individuals. An observed population age frequency was generated by applying the probability of finding the observed ages within each 5-mm size class to the complete size frequency of shell lengths measured. To create an agelength key from the sampled individual ages-at-length, the probability of encountering every age within the size range at each site must first be established; however, this is a challenge because the range of ages within any 5-mm size class will be vastly larger than the number of individuals aged unless scores of individuals are aged in each size class. Though technically feasible, the number of aged animals required to meet standard age-length key requirements is prohibitive in practice. Even in relatively data-rich cases, the problem of missing or inadequately sampled lengths or ages within age or length classes can require estimation (e.g., Kimura & Chikani 1987 , Harding et al. 2008 , Stari et al. 2010 .
In the sampled Georges Bank population, as an example, which is composed of animals of 80-115 mm in shell length, ages range from 54 to 198 y. Thus a sample size of about 150 individual clams would only assign an average of approximately one individual per year assuming no duplicates in age. As shown later, the range of ages within a 5-mm size class is a substantive fraction of this entire age range; thus, any probability function established only on the basis of observed ages will likely considerably bias the probability of occurrence of any specific age because it is highly likely that animals are present in the population with ages not found among the subset of animals aged.
As shown later, the distribution of ages within a length class was typically highly skewed and relatively unpredictable from one age class to another. Thus, the problem of missing ages was attacked using an approach that did not require knowledge of the underlying distribution function. Rather, four metrics were defined for each of the sets of measured ages from the 5-mm size classes, namely, the mean age, the variance in age, the mean differential in years between consecutive ages ordered from youngest to oldest, and the variance in the mean differential between consecutive ages. For each 5-mm size class, 1,000 sets of ages were first drawn of the same number as the number of animals aged. These were drawn randomly with replacement from a range of ages established by the youngest and oldest ages in the size class expanded by the average distance between consecutive ordered ages. The observed value of each of the four considered metrics was compared with the distribution of metric values from the 1,000 drawn sets. The probability of the observed value occurring by chance could thereby be established. The 1,000 simulated age groups were then searched to identify individual sets that fell within a 10 th percentile of the position of the observed age group for all four metrics. These select age groups were taken as equally valid estimates of the probability of age within the 5-mm size class. Minimally, 10 such age groups were retrieved and these plus the observed age group were used to construct the probability of age-at-length for each 5-mm size class.
Considering the small sample size in comparison with the age range, a reasonable concern is whether an increased sample size would change the population age-frequency distribution significantly and, as well, whether the simulated expansion of age-at-length data as previously described, provided a realistic probability distribution. To address this matter, 20 additional animals were aged in the 100 < 105-mm size class. This size class was chosen because it had the age distribution least expected to occur by chance based on the four considered metrics. The original set of individuals had ages from 73 to 198 y. Two questions were posed. First, how many of the ages in the new set were not represented in the old set? The expectation is that this number would be large, indicating that the probability of missing ages in the set of animals aged in any 5-mm length class was high, thus requiring application of a method to fill in missing ages. Second, did the second set of ages differ significantly in distribution as measured by the four aforedefined metrics from the first set? The expectation is that the first set was adequate to establish the age distribution function within a 5-mm size class with sufficient accuracy to be used to estimate the age distribution for the age-length key as previously described. A permutation test was used in which 1,000 sets of ages were drawn with replacement from the original set and the second set compared with the distribution obtained thereby (Noreen 1989) to evaluate the probability that the observed mean and variance of ages of the second set could have been obtained from the first. Note that the other two metrics, which depend on the difference between adjacent ages, cannot be tested using a random draw with replacement, because replacement increases the number of zero differences between adjacent ages and thus biases the test. As a consequence, a variant of the aforedescribed test was run in which 1,000 sets of ages of a number equivalent to the original set of ages were drawn without replacement from the combined dataset and the second set of ages compared with the distribution obtained to determine if the new set represented a random draw from the total. All four metrics were evaluated using this test. In addition, a population age frequency was also established by generating the estimated ages from all measured shell lengths using the ALOG growth curve (see subsequent section) for comparison with the one generated from the age-length key.
Growth
The measurements of growth increment width, the distance between two consecutive annual growth lines, were recorded for the five oldest clams. Growth increment widths were determined through the annotation of each annual growth line using the ObjectJ plugin, which provides measurements in units of pixels. The total shell length of an individual divided by the cumulative sum of all growth increment widths allowed a conversion of pixels into millimeters. Three growth models (von Bertalanffy, Gompertz, and ALOG) were used to analyze the data. The first two, both frequently evaluated as growth models for shellfish (e.g., McCuaig & Green 1983 , Solidoro et al. 2000 , Appleyard & DeAlteris 2001 , Chintala & Grassle 2001 , Urban 2002 , were calculated as follows:
where L t (mm) is the shell length at age t (years), L N is the asymptotic shell length, K is the growth coefficient, and t 0 is the hypothetical age when shell length would be zero. The third growth model,
was developed for species with continuous indeterminate growth (Tanaka 1982 , Tanaka 1988 . By integrating Eq. (3) over age, the relationship between age and shell length for ocean quahogs was described using the four-parameter ALOG growth model (Eq. 4):
where a is a measure of the maximum growth rate, c is the age at which the growth rate reaches a maximum, d is a parameter that shifts the body size at which growth is maximum, and f is a measure of the rate of change in growth rate (Tanaka 1988 ). The ALOG curve was fit using a two-stage fitting process, first by fitting the length data to the ALOG length Eq. (4) and then by fitting both the change in length (Eq. 3) and the length (Eq. 4) relationships simultaneously starting from the solution of the length fit.
RESULTS
Growth
Length-at-age was fit with three models; the von Bertalanffy and Gompertz curve fits are shown in Figure 1 . Parameter estimates and associated standard errors are shown in Table 1 . The observations of growth increment width-at-age and lengthat-age also were fit to the ALOG growth curve equation (Fig. 2) . Note in Figure 2 that the curve fits both the growth increment relationship and the relationship of length at age. Note also that the latter fit includes both the rapidly ascending early portion of the animalÕs life and also the extended period at older age of slow but continuous growth. Importantly, the ALOG curve retains a rational ascending limb at old age that cannot be accomplished by the asymptotic von Bertalanffy and Gompertz curves. In addition, the ALOG curve provides rational ages early in life that likewise fail to be accurately fit by the other two growth models. The parameter estimates for the four-parameter ALOG equation are a ¼ 0.044932; c ¼ 2.007; d ¼ 92.7737; and f ¼ 0.0023936. The mean and standard deviation of the residuals to the growth increment curve (Fig. 2, left) are -0.0516 ± 0.4172. The same analysis for the integrated four-parameter expression for age versus length (Fig. 2, right ) yields 1.34 3 10 -6 ± 3.731. Perusal of Figure 2 (right) shows that the individual growth curves are bimodally distributed about the fitted line at old age. Thus, the mean of the residuals tends to be small, whereas the standard deviation tends to be large. The origin of this bimodality remains uncertain, although the possibility that male and female ocean quahogs grow at different rates cannot be discounted (Ropes et al. 1984 , Steingr ımsson & Th orarinsd ottir 1995).
Age Dynamics Within Size Class
The size-frequency distribution from all individuals collected in the two dredge hauls is shown in Figure 3 . The shell lengths for 2,780 individuals were recorded. Of these measured clams, 156 individuals greater than or equal to 80 mm in length were aged. Ocean quahogs from this area ranged in age from 54 to 198 y, with animals growing to a maximum length of 116 mm. The observed ages of the sampled animals are shown in Figure  4 . These clams have a large age range within each size class (Fig.  5) , with the smallest age range of 59 y and the largest age range of 125 y within a 5-mm size class. Similarly, a large variation in size exists at age throughout much of the observed age range (Fig. 4) . Thus, the relationship between age and size is highly variable even within narrow age and size categories. Table 2 shows the statistics for each of the four metrics used to determine if the originally sampled ages were randomly distributed within each size class. Nonrandom test statistics are shaded. The 100 < 105-mm size class is the most nonrandom with three out of four test metrics diverging significantly from random; this is also the size class which had an age range spanning 125 y. The 80 < 85-mm size class was the best behaved, not surprisingly as differential growth rates at age should accrue over time and, thus, should introduce increasingly nonrandom distributions into the larger size classes. Interestingly, it is an intermediate size class that shows the largest deviance from randomness, despite the expectation for the largest size class to be the most nonrandom.
A second group of animals in the 100 < 105-mm size class was aged. Table 3 shows the estimated ages of the original 20 clams and the resampled age estimates for the second set of 20 clams. Eighteen clams in the second set had ages that were not present in the original set of 20 ages. This confirms the expectation that many animals would need to be aged to define the age-length relationship solely from a set of observed lengths and ages.
The statistics listed in Table 2 accordingly were used in the simulation of 10 additional age groups for each size class to identify groups that fell within the shown percentile of the position of the observed age group for all four metrics. The 10 selected simulation groups were used in addition to the observed age group to construct the probability of age-at-length for each 5-mm size class.
Evaluation of Sample Size
A series of permutation tests were run to determine whether the second set of 20 clams aged from the 100 < 105-mm size class were significantly different from the first set. In the first case, the two datasets were directly compared using the observed mean and variance of ages. The two datasets were not significantly different by either metric. In the second group of tests, the likelihood that the second group of ages was a random draw from the combined group was considered. Results indicate that none of the four metrics were significantly different; that is, the second group of ages was a random draw from the combined dataset (Table 4 ). The lack of statistically significant differences indicates that the age distribution of the first 20 clams sampled does not differ from the second set of 20 clams and suggests that the number of animals aged is sufficient to determine the distribution function for ages within a length class. Additionally, the simulated age groups can be expected to also be representative of that distribution function. 
Age-Length Key
The age-length key (Table 5 ) was generated by establishing the age probability for each known size class, based on the observed age group plus the 10 simulated groups that were taken as valid estimates of the probability of age within the 5-mm size class. For ease of presentation, the key is shown using 5-mm length classes and decadal age classes. Calculated age frequencies shown subsequently, however, used individual ages rather than a decadal age class. Table 6 shows the estimated number of individuals at age obtained from the two 5-min dredge tows, and was generated by applying the total number of individuals measured (Fig. 3) to the probabilities from the agelength key. Shaded boxes indicate ages with the highest probability of occurring. Table 7 shows the observed age frequency, based only on the 156 sampled ages, which results in many ages being apparently absent from the population.
Earlier analysis of the second set of animals in the 100 < 105-mm size class demonstrates the invalidity of the expectation that this many ages are truly absent. Although the observed and generated age frequencies differ, both show some of the largest numbers of individuals with ages in the late 60Õs and between ages 86 and 96 y. The simulated dataset suggests that the peaks of animals at older ages in Table 7 are unlikely, in that many more potential ages exist than could be filled even by one animal given the sample size. Table 6 suggests that the numbers at older ages are more evenly distributed and this expectation is reinforced by Table 3 .
Population Age Frequency
The population age-frequency distribution for Georges Bank is shown in Figure 6 . This figure was generated from the data in Table 6 . The age structure consists of a smattering of animals older than 125 y, a much larger number of animals in the 100-to 125-y age range, and an even larger number of animals in the 65-to 100-y age range (Fig. 6 ). The population age frequency indicates that ocean quahogs have been present in this region of Georges Bank for about 200 y, since the early 1800s. Given that the oldest animal is substantively younger than the oldest known age for this species and given that the subsampling of the catch included a focus on ageing a subset of the largest animals that averaged modestly older than the smaller individuals (Fig. 5) , it is likely that had many animals exceeding 200 y of age been present, at least a few would have been aged. Thus, occupation of this site, although possibly earlier than the birthdate of the oldest animal, was at least very limited in comparison with the age potential of this species.
Assuming that the mortality rate did not vary substantively over the time span represented by the aged animals, the population size remained low for an extended period of time after initial colonization, approximately 70 y, after which the population began to increase in size. This increase began approximately 125 y ago, around the 1890s. Proliferation of the population occurred rapidly over a 5-to 10-y period reaching a stability point around 1900, a relatively short period of time considering the longevity of these animals. The population expansion occurred in two phases with the second phase beginning circa 1915 and approaching a second and higher asymptote circa 1920; thus, over an approximately 30-y period, the population expanded dramatically from a minimal level to its present-day robust population density. After 1920, the population apparently stabilized, with recruitment approximately balancing mortality through the mid-1950s, whereupon the record of measured ages ceases to effectively describe the population age distribution. That is, the decrease in the number of individuals younger than about 65 y is due to the artificial truncation of the dataset at shell length greater than or equal to 80 mm, not to a reduction in recruitment or an increase in mortality. Aging smaller animals would fill out the younger ages, but the problem of age truncation would persist unless animals of all sizes, including young of the year, were aged.
Comparison with ALOG
The population age frequency was also generated using the age estimated from the ALOG curve for each measured length Mean 0.1 < P < 0.2 0.1 < P < 0.2 0.05 < P < 0.1 0.1 < P < 0.2 P ¼ 0.005 0.6 < P < 0.7 0.3 < P < 0.4 Variance 0.2 < P < 0.3 0.1 < P < 0.2 0.6 < P < 0.7 0.2 < P < 0.3 P < 0.005 0.05 < P < 0.1 0.05 < P < 0.1 Difference mean P ¼ 0.4 P ¼ 0.4 P ¼ 0.4 0.4 < P < 0.5 P ¼ 0.4 0.4 < P < 0.5 P ¼ 04 Difference variance 0.7 < P < 0.8 0.05 < P < 0.1 0.6 < P < 0.7 0.95 < P < 0.99 0.95 < P < 0.99 0.5 < P < 0.6 0.05 < P < 0.1
Nonrandom statistics are shaded. The difference mean and variance are obtained from the difference between consecutive ages ordered by age. (Fig. 7) . For lengths where the ALOG curve predicted multiple ages, that is, for cases where a 1-mm increase in length covered more than a single year increment in age, the total number of individuals was apportioned evenly over the predicted ages for each length. The age-frequency distribution generated from the ALOG curve can be compared with the previously generated distribution (Fig. 6 ). Both age-frequency distributions have a similar general shape but differ in substantive ways. In particular, the ALOG approach overpredicts the abundance of old animals and expands the age range well beyond the oldest observed animal. The two distributions differ significantly (Kolmogorov-Smirnov two sample test, P < 0.05). Thus, the ALOG curve cannot be used to predict the age structure of the Georges Bank population. Perusal of the agelength key (Table 5) in comparison with Figure 2 showing the ALOG growth model shows that the variability inherent in the population in the age-at-length at large lengths and old ages is primarily responsible for the failure of the growth model to provide sufficient information to generate a population age frequency.
DISCUSSION
Growth
Historically, ocean quahog growth has been modeled using the von Bertalanffy growth curve (e.g., Sager & Sammler 1983 , Brey et al. 1990 , Steingr ımsson & Th orarinsd ottir 1995, Th orarinsd ottir & Jacobson 2005). The von Bertalanffy growth curve, as well as other growth curves such as the Gompertz curve, lack an inflection point and approach an asymptote (Karkach 2006) . The ALOG growth curve (Tanaka 1982 , Tanaka 1988 ) was designed to model an early lag and initial period of exponential growth followed by an indefinite period of continuing albeit perhaps declining indeterminate growth; this type of growth is characteristic of ocean quahogs. The relationship was originally developed for application to the lantern clam Laternula anatina, but it has been more widely applied to model the growth of sea urchins (Ebert et al. 1999 , Ebert & Southon 2003 , Flores et al. 2010 . Note that the relationship proves unrealistic for animals where growth asymptotes as it cannot be used to estimate infinite size (Rogers-Bennett et al. 2007) The ALOG growth curve is the best descriptor of growth in ocean quahogs. This is not surprising considering that the growth of ocean quahogs matches the characteristics of the ALOG growth curve. Growth in ocean quahogs is not asymptotic and, thus, asymptotic growth models often fail to fit growth at old age. Although the von Bertalanffy curve has frequently been used to describe ocean quahog growth in the past, both this curve and the Gompertz curve describe an animal that grows to a maximum size, hence the asymptote that both of these curves approach. Unlike most animals, ocean quahogs have the capacity to live for centuries and continue to grow indefinitely, albeit at a very slow rate.
Moreover, the ALOG growth curve is characterized by a relatively strong change in slope that occurs at an age of approximately 20 y and a size of about 60 mm on Georges Bank. Whether this change in growth rate marks sexual maturity is unknown, but the size demarcation is consistent with the maturity curve presented by Th orarinsd ottir and Jacobson (2005) and Th orarinsd ottir and Steingr ımsson (2000), relatively consistent with Ropes et al. (1984) , and somewhat larger than inferred from Rowell et al. (1990) . Boukal et al. (2014) describe an analogous growth model with similar characteristics dependent on a change in energy allocation at maturity. The metabolic energetics of ocean quahogs beyond the interestingly lower metabolic rate (Begum et al. 2009 , Ungvari et al. 2013 , the extended capacity for anaerobiosis (Oeschger 1990 , Philipp & Abele 2010 , and the tolerance to sulfide exposure (Butterworth et al. 2004 ) are too poorly known to permit a complete metabolic explanation for the growth curve.
The tendency to model the growth of the ocean quahog using asymptotic growth stems from the general agreement of these models with the central more or less two-thirds of the growth Results of permutation tests comparing the first set of aged animals in the 100 < 105-mm size class to the second.
For the left column, the two datasets were directly compared. Only the first two metrics can be evaluated as any test using a ''with replacement'' option produces biased results for a set of differences between consecutive ages ordered by age. The second test, using a ''without replacement'' option investigated the likelihood that the second set of ages represented a random draw from the combined dataset. Age-length key: probability of each decadal age group occurring within each 5-mm size class. Zero probabilities indicate the absence of animals at that size and age, given the sampling constraints as discussed in the text.
trajectory; however, neither the von Bertalanffy nor Gompertz curve can capture the exponential growth exhibited by juvenile ocean quahogs unlike the ALOG curve nor can they capture the continual growth at old age (e.g., Steingr ımsson & Th orarinsd ottir 1995, Ridgway et al. 2012 ).
Age-Length Key and Generation of a Population Age Frequency
The 100 < 105-mm size class had the most unusual age distribution, spanning an age range of 125 y. This size class also had the most nonrandom distribution with three out of four statistically significant test metrics. Based on these considerations, the 100 < 105-mm size class was chosen to sample an additional 20 clams to determine if the age distribution of the 20 resampled clams significantly differed from that of the 20 original ages. A series of permutation tests revealed no significant differences between the two groups of aged animals in the four metrics chosen to evaluate the age distribution within a 5-mm size class. This suggests that a sample size of 20 individuals per 5-mm class is sufficient to represent the dispersion of ages present in that size class, although not sufficient to represent all ages likely to be present. Given this result for the size class with the most irregular age distribution, encompassing a range of 125 y within a single 5-mm class, a reasonable assumption follows that the other size classes with a sample size of 20 individuals comprising smaller age ranges with less extreme age distributions are also representative of their respective age distributions.
The number of new ages in a second set of 20, however, confirms the expectation that a large number of aged animals per size class would be required to directly assess the probability of age at size within a size class. Many ages present in the 5-mm size class are not identified in a single sample of 20 individuals. Thus, obtaining a representative age-length key requires assumptions of the underlying age distribution function within a size class, unless one is prepared to age many hundreds of clams. Two options were compared. In one case, ages were estimated from the ALOG growth curve of Tanaka (1982) . In a second case, a simulation approach was used that required that a set of 20 individuals meet four criteria in comparison with the observed set, a mean age close to that observed, a variance in age close to that observed, a mean age differential between pairs of individuals ordered by age close to that observed, and a mean variance in the age differential close to that observed.
In the case of estimating ages from the ALOG growth curve, the ages predicted do not align with those produced by the observed age frequency. This is due to the high variability in size at age (Fig. 2) , especially for the older animals, so this method cannot be used to predict the population age frequency of ocean quahogs. The simulation approach produced a distribution similar to the age frequency that is produced from only the Shaded boxes represent ages with the highest probability of occurring. observed ages. The simulation approach distributes individuals in the observed age frequency to ages that were absent due to the low sample size. A direct test of the assumption that many ages likely to be present were not observed demonstrated the verity of this expectation (Table 3) . Thus, the simulation approach likely provides a more realistic age distribution among all ages within the observed age range.
Age Frequency of a Georges Bank Population: Implications
As the last surviving member of the family Arcticidae, ocean quahogs have inhabited areas along the continental shelf of the North Atlantic Basin and adjacent European seas since the Late Mesozoic (Morton 2011) . Considering that these animals have been present along the boreal North Atlantic shelf for such an extended period of time, it is perhaps surprising to find animals no older than about 200 y on Georges Bank, suggesting colonization sometime very early in the 1800s. One possible hypothesis is that the establishment of the ocean quahog population on this portion of Georges Bank co-occurred with the ending of the Little Ice Age, which is thought to have ended sometime in the early to mid-19 th century (for more on the Little Ice Age, see Sch€ one et al. 2005b , Mann et al. 2009 , Cronin et al. 2010 . During the Little Ice Age, bottom water temperatures would have been much colder on Georges Bank than observed today. As the end of the Little Ice Age approached, warming waters would have permitted movement of the ocean quahog population into the region of Georges Bank sampled for this study. Recent examination of the distribution of ocean quahog shells on Georges Bank lends credence to this scenario as shells, but no live animals, are found at shallower depths on the bank today (Powell et al., unpublished data) , in a region that arguably would have had more appropriate bottom water temperatures for ocean quahogs in earlier times.
Regardless, once the initial recruits were established where ocean quahogs now live on Georges Bank, the population remained at low levels for about 70 y, evident from the long tail in the population age frequency (Fig. 6) . Taking the analogy of a species invasion for this colonization event, time lags after initial colonization are not uncommon (Diederich et al. 2005 , Facon & David 2006 , Karatayev et al. 2011 . The time lag from a small population size until the propagation of the population is likely a result of delayed maturity in ocean quahogs. As ocean quahogs do not reach maturity for several decades following settlement, the population perforce would have to remain small in size for many years, unless recruitment from outside the region increased. Evidence suggests that it did not. Of course, one cannot discount the possibility that the occupation remained limited because the environment remained suboptimal until the late 1800s.
The rapid expansion of the population late in the 1800s suggests that one of several events occurred. Once enough animals reached maturity, a local Allee effect might have been overcome, permitting much enhanced recruitment. Fertilization efficiency can be expected to be poor in sparse populations of relatively immobile molluscs (Shepherd et al. 1998 , Hodgson et al. 2007 , Luttikhuizen et al. 2011 . Alternatively, increased water temperatures or a change in food supply might have permitted increased spawning and enhanced survivorship to maturity (Hofmann et al. 1992 , Munroe et al. 2013 , Svensson & Marshall 2015 . Less likely, perhaps, but still possible given the extended larval life span (Lutz et al. 1982) , increased recruitment from outside the region may have occurred. The latter is not consistent with the limited larval connectivity of Georges Bank with external regions observed today (Zhang et al. 2015 ), but such connectivity may not have been required if ocean quahogs occupied a shallower portion of the bank in the 1800s.
Once the population expansion occurred in the late 1800s, the population rapidly approached an asymptote and stabilized, suggesting that the population probably reached carrying capacity. This is supported in the literature, as ocean quahog populations in the mid-Atlantic were considered to be at carrying capacity prior to the beginning of the fishery in the late 1960s (NESFC 2009 ) and the stock on Georges Bank effectively has never been fished. The rapid population expansion, then, encompassing about 30 y, is not inconsistent with molluscan population dynamics (Carlton et al. 1990 , Zolotarev 1996 , Brandt et al. 2008 , but is surprising given the population dynamics of many long-lived species, and perhaps counterintuitive with the lower metabolic rate of this species in comparison with other bivalves (Begum et al. 2009 , Ungvari et al. 2013 . As the population stabilized early in the 1900s, recruitment was essentially continuous, though low enough to balance mortality. Currently, the ocean quahog stock is considered to be relatively unproductive, with literature suggesting that the recruitment rate is low and infrequent (Powell & Mann 2005) . This type of recruitment is characteristic of a stock that is expected to be near carrying capacity, wherein recruitment is in balance with the low mortality rate characteristic of a long-lived species. Nonetheless, the record of colonization on Georges Bank suggests that the species is a capable and rapid invader once environmental conditions are met and once the initial restriction on spawning success produced by low population density and slow growth to maturity is overcome.
The age-frequency distribution bears many similarities to the one presented by Ridgway et al. (2012) for the Belfast Lough, Northern Ireland, and by Steingr ımsson and Th orarinsd ottir (1995) for Iceland. Both Ridgway et al. (2012) and Steingr ımsson and Th orarinsd ottir (1995) observe an approximately 100-y period of low abundance beginning about 200-220 y BP, followed by a rapid rise in numbers at age over an approximately 20-y period. The subsequent record also asymptotes at what might be interpreted as carrying capacity. Ridgway et al. (2012) record only minor breaks in what is a generally consistent recruitment record over the time span represented by the age frequency, also similar to our results. Steingr ımsson and Th orarinsd ottir (1995) document less consistent recruitment with what might be considered broad age classes, although the overall pattern of recruitment as determined from abundance at age remains similar. Whether this type of colonization record is typical of ocean quahogs is unclear, but the similarity between the three sites, well separated in space, poses an interesting possibility.
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